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Genetic analysis of ion channel dysfunction in Drosophila. To considerably less fanfare and with different objectives
dissect the molecular mechanisms of electrical activity in the more than 20 years ago.
nervous system, an extensive collection of mutations affecting These efforts were aimed at using a genetic strategyvarious types of voltage-gated ion channels was identified and
to dissect the molecular mechanisms of electrical signal-characterized in Drosophila. Most of these mutations were
generated by chemical mutagenesis and were recognized on ing in the nervous system using the fruit fly, Drosophila
the basis of defects in motor behavior. These were the first melanogaster, as an experimental model. The underlying
genetically determined ion channelopathies to be characterized premise was that mutations causing perturbations in neu-in any multicellular organism. Drosophila is a particularly at-
ronal signaling could be used to identify genes encodingtractive model system for such studies because of the availabil-
ion channel subunits, as well as proteins required fority of powerful genetic, electrophysiological, and molecular
techniques for generating new mutations, characterizing their synaptic transmission. Accordingly, an extensive collec-
phenotypes, and cloning the genes thus defined. Consequently, tion of mutations affecting membrane excitability was
a number of ion channels, including various types of K1 chan-
identified and characterized in Drosophila [1]. Most ofnels that had not yielded previously to biochemical approaches,
these mutations were initially recognized following chem-were first identified via a genetic strategy in Drosophila. Evolu-
tionary conservation of these genes enabled subsequent isola- ical mutagenesis on the basis of defects in motor behav-
tion of the corresponding genes from various mammals, includ- ior. Drosophila was a particularly attractive model sys-
ing humans. Several of these human homologues have been
tem for such studies, because of the powerful geneticfound to be associated with heritable neuromuscular disorders.
and molecular strategies available in this organism forStudies of ion channel mutations in Drosophila have thus pro-
vided important biological information concerning the molecu- generating new mutations and for cloning the genes de-
lar and functional diversity of ion channels, their evolutionary fined by these mutations. Electrophysiologic assays were
relationships, and their in vivo functions in the nervous system. critical in distinguishing which mutants had the mostSimilar studies of additional new mutations should now facili-
pronounced abnormalities in neuronal activity. We antic-tate the analysis of ion channel regulatory mechanisms.
ipated that this genetic approach would allow us to ob-
tain mutations affecting ion channels and related pro-
teins and to identify these proteins at the molecular level
In recent years, the identification and characterization even in the absence of any prior biochemical informa-
of human disorders associated with mutations in ion tion. This was an essential consideration at a time when
channel genes have become an important area of re- there was little understanding of channels at the bio-
search. A large number of such ion channelopathies have chemical level, and purification of these proteins still
now been identified, and analyses of them have provided seemed a daunting task. Ultimately, this approach
important insights into basic biological mechanisms in- proved to be highly successful, and a number of ion
volved in the function of neurons, muscles, and other channel proteins were first identified via this genetic
cell types. These studies have also helped elucidate the strategy in Drosophila. Because ion channel polypep-
pathophysiological mechanisms that underlie a wide tides tend to be highly conserved throughout evolution,
range of heritable human disorders. Despite the present probes from the genes first cloned in Drosophila have
importance of this field, the first systematic identification proved useful in isolating the corresponding genes from
of mutations affecting ion channels was initiated with mammals, including humans. Here, some of the studies
in Drosophila that led to the initial molecular character-
ization of several different ion channel polypeptides andKey words: neurogenetics, Na1 channels, membrane excitability, tem-
perature-sensitive paralysis, leg shaking, chemical mutagenesis. that helped pave the way for analogous studies of human
ion channelopathies are reviewed.Ó 2000 by the International Society of Nephrology
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Table 1. Summary of Drosophila mutants with ion channel defects and to determine which of these currents might be af-
fected by a particular mutation.Mutation Phenotype Encoded protein
Na channel defects
Molecular techniquespara ts paralysis pore-forming subunit
nap ts paralysis RNA helicase A variety of different techniques can be used in Dro-
K channel defects
sophila to clone genes solely on the basis of their chromo-Sh leg shaking pore-forming subunit, A type
slo ts paralysis pore-forming subunit, BK type some location [3]. Although this so-called positional
eag leg shaking pore-forming subunit, Kv type cloning strategy is now being used in many different
sei ts paralysis pore-forming subunit, HERG type
organisms, including mice and humans, it can be appliedHk leg shaking b-subunit, A type
with particular effectiveness in Drosophila. One reasonFor detailed description of mutants see [1, 2].
is the existence of giant polytene chromosomes in certain
tissues of Drosophila such as in the larval salivary glands.
These large banded chromosomes provide a physical
map of the Drosophila genome that is directly observableEXPERIMENTAL METHODS USED IN
at the light microscope level. Each band contains aboutIDENTIFYING AND CHARACTERIZING ION
20 kb of DNA. New mutant alleles of a gene of interestCHANNEL MUTATIONS IN DROSOPHILA
can be generated following exposure of flies to ionizingMutant phenotypes
radiation such as x-rays or g-rays. Mutations recovered
Mutations affecting voltage-gated Na1 channels, as in such screens are often associated with chromosome
well as several different types of K1 channels, have been aberrations such as deletions, inversions, or transloca-
identified in Drosophila (Table 1). These mutations were tions that physically alter chromosome structure and se-
discovered on the basis of just two different behavioral quence. These aberrations can be used to physically map
phenotypes: reversible temperature-sensitive paralysis a gene of interest to a resolution of one or several bands
and leg shaking under ether anesthesia [2]. on the polytene chromosomes. If a mutation is associated
with chromosome rearrangments, such as inversions orElectrophysiological characterization
translocations, it is possible to recognize when a clone
Several different experimental paradigms have been spanning the relevant breakpoints has been obtained
used in electrophysiological studies of Drosophila larvae by Southern blot analysis or by chromosomal in situ
and adults [1]. Muscle action potentials can be recorded hybridization. Once genomic clones from a gene of inter-
intracellularly in the dorsal longitudinal flight muscles est have been identified, the corresponding cDNAs are
of adults (DLMs). These action potentials, for which the obtained by screening appropriate libraries.
inward current is carried exclusively by Ca21, can be
evoked by either direct injection of depolarizing current
SURVEY OF SOME CHANNEL MUTANTSor electrical stimulation of the brain, which activates the
IN DROSOPHILADLMs via a polysynaptic motor pathway.
Because the nerves and body wall muscles in larvae para
are laid out in a very simple and readily accessible man- The para (paralytic) locus was originally defined by a
ner, this preparation has been used extensively for char- recessive, X-linked mutation that causes flies to become
acterizing mutants. Segmental nerves containing motor paralyzed within seconds after being shifted from 22 to
axons can be stimulated with a glass suction microelec- 298C [4]. Upon being returned to the lower temperature,
trode to trigger action potentials that in turn evoke syn- the mutant flies instantly recovered from paralysis. Ex-
aptic potentials in the body wall muscles via a monosyn- tracellular nerve recordings from mutant larvae revealed
aptic pathway. These synaptic potentials, referred to as that the compound action potential failed at elevated
excitatory junctional potentials or ejps, are recorded in- temperatures [5]. The para gene product is essential for
tracellularly with glass microelectrodes. The body wall viability because complete loss-of-function alleles cause
muscles are isopotential, and typically, the ejp does not lethality around the time of hatching. On the basis of
evoke a muscle action potential. Consequently, the ejp these and other observations, we proposed that para was
serves as a very good assay for monitoring activity of affecting neuronal Na1 channels in some way [5].
the presynaptic axon and terminal. Action potentials To identify the encoded protein, genomic DNA from
in larval motor axons can be monitored by recording the para locus was cloned via transposon tagging. Se-
extracellularly from nerve bundles with a fine suction quence analysis of the corresponding cDNA indicated
electrode. that the para polypeptide has striking structural similar-
Two-electrode, voltage-clamp experiments have been ity with the Na1 channel subunit that had recently been
carried out on DLMs and larval body wall muscles to cloned from rat brain. Overall, there is about a 50%
amino acid identity between the para polypeptide anddistinguish the various ion currents present in these cells
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the rat brain Na1 channel, confirming the identity of phenotype was resolved by recombination into two dis-
tinct mutations [20]. One mutation was a Sh mutation,para as a Na1 channel structural gene. Subsequently, we
used the para mutations and molecular probes in studies and the second mutation mapped to the eag locus. Eag
mutations alone cause a high frequency of spontaneousof the function, expression, and regulation of neuronal
Na1 channels in an in vivo system [6–10]. action potentials in larval nerves that evoke ejps, in which
the amplitude and duration are larger than normal [20,This work on para, along with the concurrent cloning
in other laboratories of the Sh (Shaker) gene [11–13], 21]. This phenotype indicated that a loss of eag function
results in neuronal hyperexcitability. Even more strikingwhich was the first K1 channel gene to be cloned from
any organism, offered convincing demonstrations of the is the phenotype of eag Sh double mutants. These larvae
display long trains of action potentials associated withpower of a genetic strategy to study ion channels in
Drosophila and provided a strong impetus to carry out ejps of extremely large amplitude whose duration is at
least an order of magnitude greater than in eag or Shsimilar analyses of other promising mutations.
alone [20, 21]. The eag phenotype and its interaction
slo with Sh are most readily explained by supposing that
eag mutations perturb a potassium current different fromAfter Sh was cloned, a number of laboratories used
probes from this gene to identify related K1-channel the one affected by Sh. Thus, the phenotype of the dou-
ble mutant was hypothesized to reflect the consequencegenes in Drosophila and other species. However, other
K1 channel genes that are distant relatives of Sh could of the simultaneous elimination or alteration of at least
two different potassium currents, both of which contrib-be missed by this approach. Alternatively, molecular
analysis of other mutations affecting K1 channels re- ute to the repolarization of presynaptic terminals.
Isolation and sequence analysis of eag cDNAs indi-quires no a priori assumptions about sequence conserva-
tion and is therefore an unbiased approach. Thus, cated that the encoded polypeptide shares the canonical
features of other voltage-activated K1 channels [22, 23].whereas homology screens failed to identify a gene en-
coding Ca21-activated K1 channels, we had identified a These sequence similarities together with the in vivo
electrophysiological phenotype of eag mutations supportmutation, slo (slowpoke), affecting these channels, pro-
viding a starting point for molecular studies. the conclusion that eag encodes a structural component
of K1 channels. Nonetheless, the overall similarity be-The first slo mutation was recognized on the basis of
its sluggish phenotype at room temperature and almost tween eag and other known K1 channels in the Sh family
is quite low, indicating that these polypeptides are onlycomplete paralysis at elevated temperatures [14]. Intra-
cellular recordings of DLM action potentials showed that distantly related. Moreover, the eag polypeptide has sev-
eral distinctive features not found in any member ofthe time course for repolarization was about 10 times
slower than normal. Voltage-clamp analysis uncovered the Sh family of K1-channel polypeptides. The most
prominent of these is a segment in the carboxy terminusa complete and specific elimination of a Ca21-activated
K1 current in these cells. Following g-ray mutagenesis, a that shares strong similarity with a cyclic nucleotide-
binding domain (cNBD) such as that found in cyclicnew slo allele was recovered that contained an inversion
breakpoint within the slo gene. This inversion was crucial nucleotide-gated cation channels in vertebrate photore-
ceptors and olfactory epithelium [24]. Thus, eag encodesin pinpointing the cytological location of slo and in devis-
ing a cloning strategy [15]. Sequence analysis of slo a novel channel polypeptide related both to K1 channels
and to cyclic nucleotide-gated cation channels. Func-cDNAs revealed that the encoded protein was distantly
related to members of the Sh family. The pore domain is tional studies demonstrated that the eag polypeptide
represents a distinctive type of voltage-activated K1especially well conserved. Together with the observation
that slo mutations eliminate a Ca21-activated K1 in vivo, channel. Endogenous eag channels in their native en-
vironment have not yet been identified in vivo. Whetherwe concluded that slo encodes a structural component
of these channels [15]. This conclusion was confirmed by the properties of these channels match those expressed
in heterologous systems remains to be determined.functional expression of slo channels in Xenopus oocytes
[16]. Subsequently, probes from slo were used to isolate
the corresponding genes, encoding maxi-K1-type Ca21-
THE EAG FAMILY OF K1 CHANNELS IN FLIES
activated K1 channels, from a number of vertebrate spe-
AND MAMMALS
cies, including mice and humans [17, 18].
Expression in Xenopus oocytes
eag Two-electrode, voltage-clamp analysis of eag channels
expressed in Xenopus oocytes demonstrates that theyThe eag (ether a go-go) was originally discovered on
the basis of its ether-sensitive leg-shaking phenotype function as K1-selective, voltage-activated channels that
mediate an outward current [25, 26]. The presence of[19]. More than 10 years later, eag was fortuitously redis-
covered when a “Sh” strain with a particularly extreme exogenous cyclic nucleotides has no apparent significant
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effect on the function of eag channels. Thus, despite the Erg type channels in Drosophila are encoded by the
sei locusevolutionary distance from voltage-activated K1 chan-
nels in the Sh family, eag channels appear to have similar HERG was originally cloned from a human hippocam-
functional properties and therefore represent a pre- pus cDNA library, so the channels encoded by this gene
viously uncharacterized type of voltage-activated K1 seem likely to be involved in the function of neurons as
channel. This observation raised the possibility that eag well as of cardiac myocytes. To investigate the role of
represented the prototype of a new family of voltage- erg-type channels in the nervous system, we went back
activated K1 channels. to Drosophila. The cloned erg gene was mapped by chro-
mosome in situ hybridization and was found to lie in
An evolutionarily conserved family of eag-related
the same region that contained a previously identified
K1 channels
behavioral mutant, sei (seizure). The characteristic phe-
To search for genes related to eag, we screened librar- notype of sei mutants is a bout of uncontrolled flight
ies from Drosophila and mammalian species [27]. Several motor activity after initial exposure to an elevated (388)
distinct subfamilies of eag-related genes have now been temperature, causing flies to bounce erratically around
identified in species ranging from nematodes to Dro- the container. After long exposure, the mutants fall to
sophila to humans. In Drosophila, these subfamilies are the bottom of the vial but continue to show uncoordi-
defined by the eag, elk (eag-like gene), and erg (eag- nated motor activity. As detected by intracellular re-
related gene) sequences. One or more counterparts of cordings from DLMs, this convulsive seizure behavior
each of these genes have been identified in mouse and is paralleled by greatly elevated levels of spontaneous
human genomes. In general, the Drosophila and mam- neural activity in the flight motor pathway [31, 32]. Be-
malian counterparts (for example, eag and mouse eag) cause these phenotypes are consistent with a K1-channel
share about 70% identity at the amino acid level in the defect, sei was an attractive candidate gene for encoding
interval from the first hydrophobic segment through the erg-type channels in Drosophila. Sequence analysis con-
cNBD. In contrast, different subfamily members within firmed that sei mutations were associated with amino
the same species (for example, eag and elk) share about acid changes in the erg polypeptide [33]. This same con-
40% amino acid identity. The high degree of structural clusion was reached independently via positional cloning
conservation of each eag subtype between species sug- of the sei gene [34]. These results demonstrate that in
gests that the function of these channels is likely to be flies, erg-type K1 channels play an important role in
evolutionarily conserved as well. maintaining normal levels of excitability in the nervous
system analogous to their role in cardiac myocytes. It is
HERG channels are mutated in one form of
very likely that these channels will be found to have a
cardiac arrhythmia
similar function in mammalian neurons.
The expectation that eag-type channels play function-
ally important roles in mammals as they do in flies has
PERSPECTIVEbeen confirmed for at least one family member in hu-
mans. The HERG (human erg) gene was mapped by A multidisciplinary analysis of mutations affecting
membrane excitability in Drosophila, utilizing genetic,polymerase chain reaction analysis of a panel of human–
hamster hybrid cell lines to human chromosome 7 [27]. electrophysiological, and genetic tools, has contributed a
wealth of basic information about ion channels, includingAt the same time, family studies showed that one form
of long QT syndrome (LQT2), a heritable cardiac ar- the first molecular characterization of several different
channel polypeptides, knowledge about the functionalrhythmia that can cause ventricular fibrillation and sud-
den death, also mapped to this chromosome [28]. The role of these channels in vivo, improved understanding
of the structural and evolutionary relationships amongsyndrome is associated with failure of cardiac myocytes
to repolarize properly implicating a defect in K1 chan- various channels, and identification and isolation of cor-
responding mammalian genes, including some that arenels. As HERG was the first K1 channel gene that
mapped to chromosome 7, it was an obvious candidate associated with human channelopathies. The informa-
tion that can be derived from analysis of membranegene for this syndrome. Sequence analysis in affected
kindreds showed that the HERG polypeptide was indeed excitability mutants in Drosophila has not been ex-
hausted. Although genome projects are having a pro-mutated in individuals with LQT2 [28]. Thus, the normal
function of channels encoded by HERG is important for found impact on the identification of ion channel struc-
tural genes in many species, including humans, it isproper repolarization of cardiac myocytes. The expres-
sion of HERG channels in Xenopus oocytes indicates becoming increasingly apparent that proper function of
ion channels in vivo depends not just on the structuralthat they mediate a K1-selective inwardly rectifying cur-
rent that most nearly resembles the previously defined components but also on an array of regulatory factors
that affect expression, localization, clustering, and activ-IKr in cardiac tissues [29, 30].
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tion to my colleague, Chun-Fang Wu, for many years of productiveity of these channels. For the most part, our understand-
collaboration, and to the members of my laboratory, past and present.ing of these regulatory mechanisms is still rudimentary. Without the inspired participation of these individuals, the studies
However, because of the unbiased nature of genetic reported here could not have been accomplished.
screens, mutations that impair neuronal signaling should
Reprint requests to Dr. Barry Ganetzky, Laboratory of Genetics,be as effective in the identification of genes affecting 445 Henry Mall, University of Wisconsin, Madison, Wisconsin 53706,
channel regulation as in the identification of channel USA.
E-mail: ganetzky@facstaff.wisc.edustructural genes. In particular, mutations displaying the
phenotype of temperature-sensitive paralysis, which
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